In the course of our investigations into the toxicity of tungstate, we discovered that cellular exposure resulted in the loss of the histone demethylase protein. We specifically investigated the loss of two histone demethylase dioxygenases, JARID1A and JMJD1A. Both of these proteins were degraded in the presence of tungstate and this resulted in increased global levels of H3K4me3 and H3K9me2, the substrates of JARID1A and JMJD1A, respectively. Treatment with MG132 completely inhibited the loss of the demethylase proteins induced by tungstate treatment, suggesting that tungstate activated the proteasomal degradation of these proteins.
In the course of our investigations into the toxicity of tungstate, we discovered that cellular exposure resulted in the loss of the histone demethylase protein. We specifically investigated the loss of two histone demethylase dioxygenases, JARID1A and JMJD1A. Both of these proteins were degraded in the presence of tungstate and this resulted in increased global levels of H3K4me3 and H3K9me2, the substrates of JARID1A and JMJD1A, respectively. Treatment with MG132 completely inhibited the loss of the demethylase proteins induced by tungstate treatment, suggesting that tungstate activated the proteasomal degradation of these proteins.
The changes in global histone marks and loss of histone demethylase protein persisted for at least 48 h after removing sodium tungstate from the culture. The increase in global histone methylation remained when cells were cultured in methionine-free media, indicating that the increased histone methylation did not depend upon any de novo methylation process, but rather was due to the loss of the demethylase protein. Similar increases of H3K4me3 and H3K9me2 were observed in the livers of the mice that were acutely exposed to tungstate via their drinking water. Taken together, our results indicated that tungstate exposure specifically reduced histone demethylase JARID1A and JMJD1A via proteasomal degradation, leading to increased histone methylation.
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| INTRODUCTION
Over the past few decades, we have learned that metallic species may exert their carcinogenic potential via epigenetic mechanisms. 1 Exposure to the IARC class I carcinogenic metals-arsenic, nickel, cadmium, and chromium(VI)-have all displayed significant epigenetic alterations that likely drive the cancer phenotype. 2 These metals have been widely studied in cancer research, with a large body of literature establishing them as agents that alter the cellular epigenetic program.
Therefore, it is likely that other metal carcinogens may also alter the epigenetic program of cells, which may drive carcinogenesis. Recently, we have reported that the oxyanion vanadate may have tumorigenic potential based on its ability to induce transformation of BEAS-2B cells in tissue culture. 3 This research may have generated other studies investigating vanadium's ability to induce cancer. 4, 5 Tungsten is another metal that has not been explored extensively in toxicology studies. We aim to investigate the carcinogenic potential of tungsten compounds and uncover possible epigenetic mechanisms that drive its carcinogenicity.
Tungsten has unique chemical properties; at approximately 3400°C, tungsten has the highest melting point of all metals. 6 Elemental tungsten is a dense transition metal, which exhibits oxidation states from −2 to +6. When exposed to atmospheric conditions, it readily forms oxides. The most common oxide is WO 3 3 intercalates within alkali metals it produces bronzes. Tungsten oxides are widely used in machining applications, which often produce fine particulates. [7] [8] [9] [10] Human exposure to tungsten containing material is widespread.
Since tungsten is commonly used in creating tools for machining steel, machine shop workers regularly inhale particulate tungsten and its alloys. Tungsten is also commonly used in munitions manufacturing, which causes exposure in the manufacture of munitions, as well as those injured by their deployment. While tungsten compounds are considered relatively non-toxic and cells can tolerate mM levels of exposure, the effects of exposure at the mM level are important to explore given the numerous routes by which human tungsten exposure can occur due to its widespread industrial utility.
Alterations in histone modifications, on both a global and genespecific level, represent emerging mechanisms by which many metals alter gene expression, which can be epigenetic if inherited. A study by Arita et al evaluated peripheral blood mononuclear cells (PBMCs) of Chinese nickel refinery workers occupationally exposed to nickel for changes in histone methylation. The investigation found that nickel altered the genome-wide levels of H3K9me2 and H3K4me3. 11 Nickel has been shown to inhibit the activity of the major class of histone demethylases known as dioxygenases by readily displacing the Fe from the active site of these enzymes. 12 Subsequently, histones and nuclear extracts were extracted.
BEAS-2B cells were co-treated with 0.5 μM MG132 (Sigma-Aldrich) and 1-5 mM Na 2 WO 4 for 24 h, and nuclear extracts were prepared. All procedures were conducted in compliance with New York University's guidelines for ethical animal research and the Declaration of Helsinki.
| Plating efficiency

| Preparation of histones and nuclear extracts
At 80-90% confluency of cells, histones or nuclear extracts were collected. Livers from mice were collected post-sacrifice, processed, and the histones were collected. Histones were collected from cells as previously described. 16, 17 Briefly, ice-cold radioimmunoprecipitation assay buffer (50 mM Tris-HCl at pH 7.4, 1% NP-40, 0.25% Nadeoxycholate, 150 mM NaCl, and 1 mM ethylenediaminetetraacetic acid) (Santa Cruz Biotechnology, Dallas, TX) supplemented with a protease inhibitor mixer (Roche Diagnostics, Indianapolis, IN) was used to extract histones from cells and livers. Nuclear extracts were collected using CelLytic NuCLEAR extract kit (Sigma-Aldrich). The histone concentration and nuclear extract protein concentration was determined using Bio-Rad DC colorimetric Protein Assay using bovine serum albumin as the protein standard.
| Western blotting
The protein concentration was measured using Bio-Rad DC protein assay. The Precision Plus Protein Kaleidoscope standard (Bio-Rad) was used to determine protein size. For histones, 2.5 μg were separated by any kD SDS-PAGE gels and transferred to polyvinylidene difluoride membranes, PVDF (Bio-Rad). Immunoblotting was performed using trimethyl H3K4 (1:1000; Abcam, Cambridge, MA). primary antibody and horseradish peroxidase-conjugated anti-rabbit secondary antibody (Santa Cruz Biotechnology). Immunoblotting was performed using dimethyl H3K9 (1:2000; Abcam) primary antibody and horseradish peroxidase-conjugated anti-mouse secondary (Santa Cruz Biotechnology). In order to obtain relative intensities, loading of histones was attained using H3 (1;30 000; Abcam).
For nuclear extracts containing 25 μg of proteins were separated by 6% (w/v) gels and transferred to PVDF membranes.
Immunoblotting was performed using JARID1A (1:1000; Bethyl) primary antibody and horseradish peroxidase-conjugated anti-rabbit secondary antibody. Immunoblotting was performed using JMJD1A
(1:1000; Bethyl) primary antibody and horseradish peroxidaseconjugated anti-rabbit secondary antibody. In order to obtain relative intensities, the loading of nuclear extracts was attained using Lamin A (1:500; Santa Cruz).
Detection was accomplished using Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific). The relative intensities of the bands were quantified by ImageJ and normalized to the control. and then seeded at 500 cells per dish and cultured for 2 weeks (Fig. 1A) .
| Real-time quantitative PCR
The lowest dose, 1 mM Na 2 WO 4 , resulted in more cell survival than the parental BEAS-2B. The 2.5 mM Na 2 WO 4 dose resulted in 5% cell death.
The highest dose, 5 mM Na 2 WO 4 , resulted in 16.4% cell death. Plating efficiency was carried out to find appropriate doses of tungstate for treatment. The assay was performed with three biological replicates.
These results clearly illustrate the low cellular toxicity of tungstate.
3.2 | Silver stain gel shows no protein degradation after acute tungstate-treatment BEAS-2B cells were treated with 0, 1, 2.5, and 5 mM Na 2 WO 4 for 48 h and then collected and assessed for protein degradation using silver staining. In order to evaluate the protein degradation of the tungstatetreated cells, the protein was separated on a 12% (w/v) polyacrylamide gel and then treated with silver stain to visualize the protein (Fig. 1B) .
There is no protein degradation evident after 48-h treatment of tungstate at any dose. These results clearly demonstrate that tungstate does not cause generalized cell-wide protein degradation.
| Tungstate exposure results in 15-40% cellular uptake
BEAS-2B cells treated with 1, 2.5, and 5 mM of Na 2 WO 4 for 48 h were collected and the uptake of tungsten was measured by ICP-MS. The higher doses of tungstate, 2.5 and 5 mM, showed a larger percent uptake (∼40%) compared to the lower dose, 1 mM, where the uptake was only ∼15% (Fig. 1C) . These results illustrate that tungstate is capable of crossing cell membranes and entering cells, yet has a low level of toxicity.
| Acute exposure to tungstate results in increased global level of H3K9me2 and H3K4me3
BEAS-2B cells were treated with 0, 1, 2.5, and 5 mM Na 2 WO 4 for 48 h.
The cells were either harvested or continued to grow for 48 h in the absence of tungstate (washout). After tungstate exposure, histones were extracted. Global levels of H3K4me3 and H3K9me2 were assessed by western blots with antibodies specific to these modifications. Global levels of H3K4me3 were significantly increased after 48-h acute exposure when compared to the untreated controls.
In addition, global levels of H3K9me2 were also significantly increased after acute treatment when compared to the untreated controls. The global increase in both H3K4me3 and H3K9me2 persisted, even after a 48-h washout period ( Fig. 2A,B) . Global levels of H3K4me3 were significantly increased after 48-h acute exposure to when compared to the untreated controls using a different human lung cell line, an adenocarcinomic human alveolar basal epithelial cell line (A549), and these changes persisted after a 48-h washout (Fig. 2C ).
| Increased histone methylation is due to depletion of histone demethylases
We investigated whether tungstate affecting the protein levels of the histone demethylases could be a possible mechanism that would have caused the increased methylation. BEAS-2B cells were treated with 0, 1, 2.5, and 5 mM Na 2 WO 4 for 48 h and allowed to proliferate in the absence of tungstate for 48 h. JMJD1A (a histone demethylase for H3K9me2) levels were depleted by tungstate treatment when compared to the untreated control (Fig. 3A) . The loss of this demethylase protein likely explains the increased H3K9me2 by tungstate.
Subsequently, we evaluated JARID1A, which demethylates H3K4me3. JARID1A levels were depleted by tungstate treatment (Fig. 3B) , suggesting that JARID1A protein loss contributed to the increased H3K4me2. Although there are four known histone demethylases targeting H3K4me3, we have previously shown that JARID1A
is the major demethylase expressed in BEAS-2B cells. 18 We assessed if the decrease persisted after tungstate was removed and found that both histone demethylases were still decreased after the washout. In a parallel experiment, A549 cells were treated with 0, 2.5, and 5 mM Na 2 WO 4 for 48 h. JARID1A was persistently decreased (Fig. 3C) .
We investigated the mRNA levels of JMJD1A and JARID1A using qPCR. BEAS-2B cells were treated with 0, 2.5, and 5 mM Na 2 WO 4 for 48 h and the mRNA levels coding for these enzymes was determined.
We found that there was an increase in mRNA levels of JMJD1A and JARID1A in tungstate treated cells compared to control (Fig. 3D) . This was likely due to the striking depletion of the demethylase protein and compensatory attempts by the cells to restore the protein to normal levels.
FIGURE 1
The effect of tungstate on cell viability, its effect on protein degradation and its uptake into cells. A: BEAS-2B cells were treated with varying doses of Na 2 WO 4 for 48 h, after which they were seeded at 500 cells per dish and cultured for 2 weeks. Cells were fixed then counted for cell survival. Toxicity was determined using plating efficiency. Values are presented as the number of colonies divided by the number of control colonies (0 mM) multiplied by 100%. B: BEAS-2B cells were acutely treated with varying doses of Na 2 WO 4 for 48 h, then lysed and tested for protein degradation via silver stain as described in Materials and Methods. C: ICP-MS analysis of BEAS-2B cells after 48-h treatment of varying doses of Na 2 WO 4
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| 1781 3.6 | Tungstate-induced increase in histone methylation was still observed in cells with depleted SAM levels
We investigated whether the increased histone methylation was due to a de novo methylation process. When BEAS-2B cells were placed into methionine-free media, there was still an increase in global methylation and a decrease in their histone demethylases after tungstate treatment, suggesting the absence of such activity. BEAS-2B were pretreated in methionine-free media for 4 h because of the short intracellular half-life of S-adenosyl-methionine (SAM). 18 SAM is the only known source of methyl groups for all enzymatic reactions involving methylation. SAM is the methyl donor for the histone methyltransferases (HMTs) that methylates the lysine residues on the histone tail. 19 Methionine-deficient medium decreases intracellular SAM pools and inhibits methyl transfer reactions.
After 4-h incubation, cells were treated with 0, 1, 2.5, and 5 mM of tungstate. The same trend in a global increase of H3K9me2 and H3K4me3 was evident in methionine-free media (Fig. 4A,B) . Additionally, the histone demethylase proteins also decreased with tungstate treatment in methionine-free media (Fig. 5A,B) . Moreover, the effect of tungstate appears to be enhanced in methionine-free media.
| Proteasomal inhibition with MG132 prevented the loss of demethylase protein induced by tungstate
We investigated if the decrease in the protein level of the histone demethylases was due to enhanced proteasomal degradation induced by tungstate. We co-treated the cells with the proteasomal FIGURE 2 The effect of tungstate on H3K9me2 and H3K4me3 in BEAS-2B and A549 cells. Western blots were performed using histones extracted from the BEAS-2B or A549 cells treated with varying doses of Na 2 WO 4 for 48-h, then cells were allowed to proliferate in the absence of tungstate for 48 h, for a washout period. A: H3K9me2 was detected using western blotting in treated BEAS-2B cells. Protein loading was verified using H3 antibody. B: H3K4me3 was detected using western blotting in treated BEAS-2B cells. Protein loading was verified using H3 antibody. C: H3K4me3 was detected using western blotting in treated A549 cells. Protein loading was verified using H3 antibody. The results were repeated in three independent experiments; one representative blot is shown for each condition. Protein levels were determined by relative intensity analysis using ImageJ. Statistical significance was calculated using an unpaired, two-tailed t-test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001. Error bars represent Standard Deviation degradation inhibitor, MG132, and tungstate for 24 h. Acute treatment of tungstate alone decreased the demethylase levels, but when the cells were co-treated with tungstate and MG132, the protein levels were not significantly decreased (Fig. 6A,B) . These findings suggest that tungstate lowers the demethylase protein levels by enhancing proteasomal degradation. Based on the equivalent surface area dosage conversion factors from the National Cancer Institute, the amount of tungstate that the mice were exposed to in the low-dose group is equivalent to 28 mg W/ kg human per day, calculated by weighing the amount of water they FIGURE 3 The effect of tungstate on JMJD1A and JARID1A protein levels in BEAS-2B and A549 cells, and the effect of tungstate on relative mRNA levels of JMJD1A and JARID1A in BEAS-2B. Western blots were performed using nuclear extracts from the BEAS-2B or A549 cells treated with varying doses of Na 2 WO 4 for 48-h, and then cells were allowed to proliferate in the absence of tungstate for 48 h, for a washout. A: JMJD1A was detected using western blotting in treated BEAS-2B cells. Protein loading was verified using Lamin A antibody. B: JARID1A was detected using western blotting in treated BEAS-2B cells. Protein loading was verified using Lamin A antibody. C: JARID1A was detected using western blotting in treated A549 cells. Protein loading was verified using Lamin A antibody. For all western blots, the results were repeated in three independent experiments; one representative blot is shown for each condition. The intensity of the bands was quantified using ImageJ, and values were normalized to each loading control in the graphs. D: After 48-h acute treatment of 2.5 and 5 mM Na 2 WO 4 , RT-qPCR of histone demethylases, JMJD1A and JARID1A, was evaluated. Statistical significance was calculated using an unpaired, two-tailed t-test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001. Error bars represent Standard Deviation drank. The amount of tungstate that the mice were exposed to in the high-dose group is equivalent to 39 mg W/kg human per day. 21 Global levels of H3K4me3 and H3K9me2 were assessed by western blots with antibodies specific to these modifications. Both global levels of H3K4me3 and H3K9me2 were increased in the mice treated with lowdose tungstate (5 g/L) and high-dose tungstate (10 g/L) drinking water compared to the control group (0 g/L) (Fig. 7A,B) . was activated by tungstate and played a major role in this effect. These changes in histone modifications persisted even after tungstate was removed indicating that the effects were epigenetic. Tungstate is remarkably nontoxic to cells and this is not due to a lack of uptake (Fig. 1C) . In addition, it does not induce a general degradation of cellular proteins as shown in Fig. 1B , but appears to specifically target the histone demethylases. We have studied other dioxygenases such as prolyl hydroxylase or Tet 2 protein, but did not find any similar degradation (data not shown). Currently, no mechanism has been identified to explain how tungstate targets the histone demethylases for degradation. However, the consequences of tungstate exposure were the increase in histone marks, which are normally removed by these
The effect of methionine depletion on H3K9me2 and H3K4me3 in BEAS-2B cells treated with tungstate. The BEAS-2B cells were pretreated for 4 h in methionine-deficient DMEM, and then cells were exposed to varying doses of Na 2 WO 4 for 24 h. Histones were extracted after treatment. A: H3K9me2 was detected using western blotting in treated BEAS-2B cells. Protein loading was verified using H3 antibody. B: H3K4me3 was detected using western blotting in treated BEAS-2B cells. Protein loading was verified using H3 antibody. The results were repeated in three independent experiments; one representative blot is shown here. Graphical representations of relative intensity are calculated using ImageJ. Statistical significance was calculated using an unpaired, two-tailed t-test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001. Error bars represent Standard Deviation
The effect of methionine depletion on JMJD1A and JARID1A protein levels in BEAS-2B cells treated with tungstate. The BEAS-2B cells were pretreated for 4 h in methionine-deficient DMEM, and then cells were exposed to varying doses of Na 2 WO 4 for 24 h. Nuclear extracts were extracted after treatment. A: JMJD1A was detected using western blotting in treated BEAS-2B cells. Protein loading was verified using Lamin A antibody. B: JARID1A was detected using western blotting in treated BEAS-2B cells. Protein loading was verified using Lamin A antibody. The results were repeated in three independent experiments; one representative blot is shown here. Graphical representations of relative intensity are calculated using ImageJ. Statistical significance was calculated using an unpaired, two-tailed t-test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001. Error bars represent Standard Deviation FIGURE 6 The effect of proteasonmal degradation inhibitor, MG132, on JMJD1A and JARID1A protein levels in BEAS-2B cells treated with tungstate. BEAS-2B cells were co-treated with a proteasomal degradation inhibitor, MG132, and varying doses of Na 2 WO 4 for 24 h. Nuclear extracts were extracted after the experiment. A: JARID1A was detected using western blotting and protein loading was verified using Lamin A antibody. B: JMJD1A was detected using western blotting and protein loading was verified using Lamin A antibody. One representative blot is shown here, the experiment was repeated in two independent experiments. Graphical representations of relative intensity are calculated using ImageJ. Statistical significance was calculated using an unpaired, two-tailed t-test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001. Error bars represent Standard Deviation The effect of tungstate drinking water exposure on H3K4me3 and H3K9me2 in mouse liver. Mice were treated with varying doses of tungstate via drinking water and histones were collected from livers. A: H3K4me3 was detected using western blotting and protein loading was verified using H3 antibody. B: H3K9me2 was detected using western blotting and protein loading was verified using H3 antibody. Histones were extracted from parts of the liver three separate times; one representative blot for each condition is shown here. The intensity of the bands was quantified using ImageJ, and values were normalized to the each loading control and in the graphs. Statistical significance was calculated using an unpaired, two-tailed t-test. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001. Error bars represent Standard Deviation cells were pretreated in methionine-free media for 4 h in order to deplete cellular SAM levels and JARID1A and JMJD1A protein levels were assessed. We found that even after SAM depletion, the tungstate-treated cells still displayed an increase in both H3K9me2
and H3K4me3, clearly indicating that there is not a gain in methylating capacity that is responsible for the observed increased in these histone marks.
Histones are methylated by histone methyltransferases (HMTs), which use SAM as a coenzyme. An initial theory was that the observed tungstate-induced increase in histone methylation levels may have been secondary to an increase in HMT activity. However, we determined otherwise, since SAM was not available to donate a methyl group to HMTs in methioninedeficient media and the histone marks were increased by tungstate (Fig. 4) . Moreover, there was a decrease in the histone demethylase proteins (Fig. 5) .
We aimed to investigate if animals exposed to drinking water containing tungstate displayed any alteration in histone methylation in vivo. Since we found that cells treated with Na 2 WO 4 exhibited increased levels of H3K9me2 and H3K4me3 in lung cell lines, our next aim was to investigate if oral tungstate exposure via drinking water affected histone methylation in mouse livers after in vivo exposure.
Livers from mice exposed to tungstate in the drinking water exhibited an increase in the levels for H3K9me2 and H3K4me3. Future investigations should examine chronic low-dose exposure as well to simulate drinking water with mild contaminations that persist for long periods of time.
Based on the evidence provided in this study and our previous investigations, 14 tungsten exposure should be a significant concern for human health despite its low cellular toxicity. Moreover, these findings should generate concern among regulatory agencies and industry to more seriously consider tungsten as a carcinogen.
Human exposure arises from the natural occurrence of tungsten compounds in the environment and the use of tungsten in many occupational settings including machining, munitions manufacturing, and hydraulic fracturing. Considering the low mutagenicity of metallic species, significant attention should be given to epigenetic mechanisms in order to more fully understand tungsten's carcinogenic potential.
